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3. Physial quantities in matrix form
U
e
Displaement vetor for elasti material
U
s
Displaement vetor for solid phase
	
a
Veloity potential vetor for air
	
f
Veloity potential vetor for uid phase
V
e
Adjoint displaement vetor for elasti material
V
s
Adjoint displaement vetor for solid phase

a
Adjoint veloity potential vetor for air

f






Mass matrix for elasti material
M
a
Mass matrix for air
M
s
Mass matrix for solid phase
M
f
Mass matrix for uid phase
K
e
Stiness matrix for elasti material
K
a
Stiness matrix for air
K
s
Stiness matrix for solid phase
K
f
Stiness matrix for uid phase
C
ea
Coupling matrix between elasti material and air
C
sa
Coupling matrix between solid phase and air
C
vl
Coupling matrix between solid phase and volume phase
















Design variable vetor for material i

ij























Volume for material i
V
i0








,-.K *+,j[ mm /0[1 mm 	
23fi456786fi











}~!L`H Statistial Energy AnalysisSEA2HGHK afiV0IM
P Geneti Argorithm, GA2-Hfi4"`H"TKn@ŁkB,






:Kn@$8¦¨§K@HK [4℄  ff/ff&h¡}
*+,©kGªffiI&h¡}¢7G*+,IJ:«¬VG­






cffiab@ffiKzGHKflffi !"@HK flffi !"Bendse 
Kikuhi [5℄ IJ:^V7 &hflffi !fiC WXK`Hff	
	I"TVK 3&hNMNS [6℄ 2< D¢7[













Kundt 6 [11℄ HK7$ [12℄ @rrVfi ff/ffn\,jI89Kfi
bjG¦CKI:"rrKFGHK 1965 IDelany Bazley [13℄ G,D
MN4!5NSM;<[@ffnV0\=>3V?@¡A!BKWX4C
fi nDEfi3fiG0A=>[@F;Gvw@ffiKfibA"TVfi afiI













GI Allard [18℄ 0IJfl*,JJfi=>@KfiVfi,M;K>L
IjVffifi deIabGf§0VffiKGghijklmno2pqo
 Biot Grstujv/0¦Cflfi vwKang iBolton [19℄Easwaran 0 [20℄Hj














¬|1988 JxBendse iKikuhi [5℄ xyKrL{MN |pOPvQA
j"it{}vR xŁ{§j¡pS{uTUi©ŁV¬ Bendse iSigmund
[22℄ vWXxYZx[\{§j¡Bendse iKikuhi xyKrLu­wv 1990 J]x¬|^
_¢` jpOPvabcda±e fgch_¦ij|kOPg	

l"mnj{§l¡Diaz oKikuhi [7℄ °l§¬Ma ` [8℄ ¬kOPgpqabc
¶l	












{§l¡Duhring [25℄ [26℄ ¬| iCr¡g :;<=
i§{|ŁB=ilv l"mnj{§l¡Wadbro oBerggren
[27℄ ¬|¢xfiij{| $l£¤¥¦;<ily§|¢x=g 














ÝC¿rÞ¢K$°l¡2007 Ji Lee ` [29℄ ¬|Biot g±²³¢`ß«jr}~gàáâ
4   1  U
	}©Łj|¸ _g¶ojr|}~g	
"mnj{§







































































VWXc:Gª«4¶·4`X0¸¹º _ ef»¼4½¾H¿j[ À 0:1 mÁ
8   2  4D







0123%45 67'198089:% Johnson ; Allard <%='>?@A%BC
flffi DEF@G%HI BCJKLEMN%Off Champoux 	Allard
[31℄ ;' Johnson < [32℄ 23%'PQR;STUVR%Off Atalla < [21℄ %WXY
Z< [\]^flffWX_%`abcdef'ghijk<3	l
mffef]^


























*%&?/+,%Ïff 1800 87­Helmholtz, Kirhho, Rayleigh [33℄ %s
flkÐ'flff'ÉÊ>?@Â-Ã­®%&ÂÑ2 Stinson [34℄ gh
ŁÒ
%-Ó 2.3 %Ô-A%'ÕÖ×2ØFÙ¹%Ú< ­® R Ã*%Û-ÜÝE
ÞßàáâFã%ÏÄZ




Fig. 2.3 Cirular straight tube.
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Fig. 2.5 Cirular slanted tube.
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V (x) =  (x)V
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(3.90)
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Fig. 3.4 Analyzed oupled system.
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Fig. 3.5 Shemati view of testrig.
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Fig. 3.6 Set up of measurement.
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Fig. 3.7 Cradle for steel panel to be lamped.
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Fig. 3.9 Finite element model for testrig.
Table 3.1 Parameters for polyurethane foam and olen sheet.















































































Fig. 3.10 Frequeny response of at bare panel.
20dB
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Fig. 3.12 Frequeny response of at panel unglued with poroelasti material.
20dB


































































































$%&'(9: flffifffiGfl(+,Krylov ( [44℄ fi 4ffi
8700  & +-$! 4"(#$, .$#$%=&
180  'C4
 19 (ffC4
 25 (#$%=&)*+%=&,-(fi +
9: flffi 30  & +- +#.4A4/0
. 1=40 12+@4-
./0
















50   3   )(!
$fffi K



























Fig. 4.1 Example of beam lamped at an end and loaded at the other end.
Fig. 4.2 Sizing optimization.
52   4   (
Fig. 4.3 Shape optimization.
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Fig. 4.6 Topology optimization based on homogenization approa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Fig. 4.9 Optimal reinfored irular plate [1℄. (a) 150 elements, (b) 200 elementsm, () 250
elements, (d) 300 elements were used.
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Fig. 4.10 Relaxation by mirosopially ribbed plate.
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Fig. 5.1 Objetive oupled system.
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Fig. 5.4 Initial thikness distribution of poroelasti layer.
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Fig. 5.5 Frequeny response of displaement of the panel (upper) and pressure in the avity
(lower). Dashed line shows the response in the bare panel and solid line shows the response
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Fig. 5.6 Spetrum of objetive funtion for the initial thikness (solid line) and referene
spetrum when the multilayered struture is removed (dashed line). Target frequeny ranges
inluding a spetrum peak to be minimized are highlighted. The rst overs from 45 Hz to
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Fig. 5.7 Optimal thikness distribution for the optimization in the frequeny range from
45 Hz to 70 Hz.
20 dB





































Fig. 5.8 Frequeny response of displaement of the panel (upper) and pressure in the avity
(lower). Dashed line shows the response in the initial uniform thikness and solid line shows





















(a) Initial (58 Hz).
(b) Optimal (51 Hz).
Fig. 5.9 Deetion shapes of at steel panel using transfer matrix representation: (a) orre-
sponds to the initial uniform thikness at 58 Hz and (b) to the optimal thikness distribution
at 51 Hz.
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(a) Initial (58 Hz).
(b) Optimal (51 Hz).
Fig. 5.10 Deetion shapes of elasti over layer using transfer matrix representation:
(a) orresponds to the initial uniform thikness at 58 Hz and (b) to the optimal thikness
distribution at 51 Hz.
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Fig. 5.11 Deetion shapes of at steel panel and elasti layer at a setion area: dashed line
orresponds to the initial uniform thikness at 58 Hz and solid line to the optimal thikness
distribution at 51 Hz.
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Fig. 5.12 Optimal thikness distribution for the optimization in the frequeny range from
340 Hz to 365 Hz.
20 dB





































Fig. 5.13 Frequeny response of displaement of the panel (upper) and pressure in the
avity (lower). Dashed line shows the response in the initial uniform thikness and solid line
shows the response in the optimal thikness distribution for the frequeny range of 340 Hz
to 365 Hz.
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(a) Initial (352 Hz).
(b) Optimal (346 Hz).
Fig. 5.14 Deetion shapes of at steel panel using transfer matrix representation: (a)
orresponds to the initial uniform thikness at 352 Hz and (b) to the optimal thikness
distribution at 346 Hz.
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(a) Initial (352 Hz).
(b) Optimal (346 Hz).
Fig. 5.15 Deetion shapes of elasti over layer using transfer matrix representation: (a)
orresponds to the initial uniform thikness at 352 Hz and (b) to the optimal thikness
distribution at 346 Hz.
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Fig. 5.16 Deetion shapes of at steel panel and elasti layer at a setion area: dashed line
orresponds to the initial uniform thikness at 352 Hz and solid line to the optimal thikness
distribution at 346 Hz.
20 dB



































Fig. 5.17 Frequeny response of displaement of the panel (upper) and pressure in the avity
(lower) obtained by nite element solution. Dashed line shows the the response in the initial
uniform thikness and solid line shows the response in the optimal thikness distribution for
the frequeny range of 45 Hz to 70 Hz.
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20 dB



































Fig. 5.18 Frequeny response of displaement of the panel (upper) and pressure in the avity
(lower) obtained by nite element solution. Dashed line shows the response in the initial
uniform thikness and solid line shows the response in the optimal thikness distribution for
the frequeny range of 340 Hz to 365 Hz.
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(a) Initial (352 Hz).
(b) Optimal (348 Hz).
Fig. 5.19 Deetion shapes of at steel panel using nite element representation: (a)
orresponds to the initial uniform thikness at 352 Hz and (b) to the optimal thikness
distribution at 348 Hz.
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(a) Initial (352 Hz).
(b) Optimal (348 Hz).
Fig. 5.20 Deetion shapes of elasti over layer using nite element representation: (a)
orresponds to the initial uniform thikness at 352 Hz and (b) to the optimal thikness
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Fig. 6.1 Material representation
based on elasti elements.
Fig. 6.2 Material representation
based on aouti elements.
Fig. 6.3 Material representation us-
ing mixed formulation.
Fig. 6.4 Material representation







































Fig. 6.5 Unied material representation based on poroelasti elements.
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Fig. 6.6 Shemati representation of material interpolation using titious poroelasti ma-
terial. The left and right diagrams represent a poroelasti material equivalent to air and an
elasti material, respetively. The enter diagram shows an atual poroelasti material.
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Table 6.1 Charateristis for poroelasti materials equivalent to air and elasti material.
Air Elasti material
Porosity  1  0
Material of solid phase  Air Material to be represented
Visous damping No damping Extremely large
Thermal dissipation No dissipation (adiabati air) Fully dissipative (isothermal air)
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Fig. 6.8 One-dimensional aousti tube model with rigid plate.
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Table 6.2 Parameters for titious poroelasti materials equivalent to air and olen sheet.
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Fig. 6.9 Equivalent bulk modulus and densities aounting for visous damping and thermal
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Filled with air medium
Filled with poroelastic material equivalent to air
Fig. 6.10 Spetra of the objetive funtion for one-dimensional model; the xed design
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Fig. 6.13 Distribution of the dissipated power at the initial state for one-dimensional model.
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Filled with air medium
(a)
(b)
Fig. 6.14 Spetra of the objetive funtion for the optimal topology of polyurethane foam
for one-dimensional model.
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Filled with elastic material
Filled with poroelastic material equivalent to elastic material
Fig. 6.15 Spetra of the objetive funtion when the xed design domain is lled with olen
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Fig. 6.16 Resultant topology of polyurethane foam and olen sheet for one-dimensional









































ffi 50 % ffi`CD6(C&5ffi7)aDC&`














Fig. 6.17 Resultant topology of polyurethane foam and olen sheet for one-dimensional
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Filled with air medium
(a)
(b)
Fig. 6.18 Spetra of the objetive funtion for the optimal topology of polyurethane foam
and olen sheet.
) 1  :TI+@35'CD6&(
















ffi 50 % ffiCD6(C&5ffi7)DC&9%













2@ #1$42 :)TI ;<5'9,*:TI RS'

	/5(














Fig. 6.19 Resultant topology of polyurethane foam and olen sheet for one-dimensional
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] Filled with air
Filled with urethane foam
Fig. 6.21 Spetra of the objetive funtion when design domain of Model-1 is lled with air.
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2
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Fig. 6.22 Distribution of the dissipated power for Model-1 at the initial state in ases (a) and (b).
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Fig. 6.23 Optimal topology of poroelasti material for Model-1 in ases (a) and (b).
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= 350 Hz
Fig. 6.26 Distribution of dissipated power at initial state for Model-1 in ases (a) and (b)
when polyurethane foam and ompressed felt are applied as material 0 and 1, respetively.
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Fig. 6.27 Optimal topology of Model-1 in ases (a) and (b) when polyurethane foam and
the ompressed felt are applied as material 0 and 1, respetively. Blue areas orrespond to
polyurethane foam, red areas to ompressed felt.
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] Filled with air
(a)
(b)
Fig. 6.28 Spetra of objetive funtion for the optimal topology in Fig. 6.27. Solid and
dashed lines respetively represent spetra in ases (a) and (b). Solid gray line shows spe-
trum when design domain is lled with air, for referene.
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Fig. 6.29 Example Model-2 where the domain for the elasti over of Fig. 6.20 is inluded
in the xed design domain.
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= 350 Hz
Fig. 6.30 Optimal topology of poroelasti material and elasti material for Model-2 in ases
(a) and (b). Color bar at the bottom of the gure indiates interpolated material, with blue
orresponding to air, green to polyurethane foam, and red to olen sheet.
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Fig. 6.31 Optimal topology for Model-2 in ase () where target frequeny ranges in ases
(a) and (b) are unied. Color bar at the bottom of the gure indiates interpolated material,
with blue orresponding to air, green to polyurethane foam, and red to olen sheet.
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Fig. 6.32 Spetra of the objetive funtion for Model-2 when optimal topology shown in
Figs. 6.30 and 6.31 are applied.
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Fig. 6.33 The omparisons of spetra for objetive funtion in ases (a) and (b), when
air, polyurethane foam, and olen sheet are applied. Solid and dashed lines respetively
represent spetra for Model-1 and Model-2.
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Fig. 6.34 Optimal topology for Model-2 in ases (a), (b) and () when polyurethane foam,
ompressed felt, and olen sheet are respetively applied as material 0, 1, and 2. Color
bar at the bottom of the gure indiates interpolated material, with blue orresponding to
polyurethane foam, green to ompressed felt, and red to olen sheet.
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Fig. 6.35 Spetra of the objetive funtion when the optimal topology shown in Fig. 6.34
is applied. Solid, dashed, and dotted lines respetively represent spetra in ases (a), (b)
and ().
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Fig. 6.36 The omparisons of spetra for objetive funtion in ases (a) and (b), when
polyurethane foam, ompressed felt, and olen sheet are applied. Solid and dashed lines
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